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Abstract 

A  Laves-phase  forming  Fe-Cr  alloy  was  evaluated  as  interconnects  for  solid  oxide  fuel  cells  (SOFCs)  in  reducing  atmosphere  (in  H2-H20).  The 
oxide  scale  growth  was  compared  between  Laves-phase  forming  alloy  and  typical  stainless  steel  (SUS430).  The  oxide  scale  growth  rates  were 
decreased  in  the  Laves-phase  forming  alloy,  and  the  area-specific  resistance  (ASR)  of  oxidized  Laves-phase  forming  alloy  showed  the  lower  values 
than  that  of  SUS430.  The  temperature  dependence  of  1/ASR  for  the  oxidized  alloy  was  different  between  Laves-phase  forming  alloy  and  SUS430. 
The  oxygen  diffusivity  in  the  oxide  scale  was  also  evaluated  by  the  stable  isotope  oxygen  (1802)  diffusion  in  the  scale.  The  chemical  diffusion 
coefficients  of  isotope  oxygen  in  the  oxide  scale  showed  the  smaller  value  for  the  Laves-phase  forming  alloy  (D  =  7.0  x  10“ 13  cm2  s-1)  than  that  for 
SUS430  (. D  =  4.6  x  10  12  cm2  s  ^  at  1073  K.  A  relatively  high  diffusivity  of  oxygen  was  estimated  in  the  Mn-Cr  spinel  oxide  on  the  top  surface 
of  oxide  scales.  Inward  diffusion  of  oxygen  and  outward  diffusion  of  cation  in  the  oxide  scale  were  discussed  to  consider  the  oxide  scale  growth 
mechanism. 

©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

In  the  intermediate  operation  temperature  (773-1073  K)  solid 
oxide  fuel  cells  (SOFCs),  alloys  have  been  considered  as 
promising  materials  for  interconnects  [1,2].  Alloys  are  excel¬ 
lent  materials  in  terms  of  mechanical  strength  and  gas-tightness. 
However,  during  operating  condition  (above  773  K  and  air/fuel 
stream),  protective  oxide  scale  is  formed  on  the  alloy  surface. 
This  oxide  scale  is  effective  to  prevent  further  oxidation  of  alloy 
and  to  reduce  the  vapor  pressure  of  Cr  from  Fe-Cr  alloy.  When 
the  alloys  contain  the  amounts  of  Cr  more  than  18  mass%,  the 
protective  oxide  scale  will  be  &2O3  -based  oxides  on  the  alloy 
surface.  Also,  an  addition  of  Mn  is  effective  to  form  Cr-Mn 
spinel  top  surface  of  oxide  scale,  which  further  reduces  the 
Cr  vapor  pressures  and  increase  the  electrical  conductivity  of 
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oxide  scales.  Thus,  the  compositional  modification  of  Fe-Cr 
alloy  is  important  to  have  a  stable  oxide  scale  composition  and 
structures. 

So  far,  several  kinds  of  candidate  Fe-Cr  alloys  have  been 
proposed  by  many  authors,  and  some  Fe-Cr  alloys  showed  a 
relatively  high  resistance  against  oxidation  [3-7].  We  investi¬ 
gated  the  oxide  scale  formation  mechanism  on  several  candidate 
Fe-Cr  alloys,  especially  in  reducing  atmospheres  (in  H2-H2O  or 
CH4-H2O  fuels)  [8-10].  In  our  previous  study,  the  oxide  scale 
formation  was  found  to  occur  from  the  alloy  grain  boundaries 
with  forming  the  ridges  of  Mn  and  Fe  high  concentration.  This 
suggests  that  the  alloy  grain  boundaries  are  fast  diffusion  paths 
for  supplying  the  elements  to  the  oxide  scale.  A  fast  transport 
of  elements  at  the  grain  boundaries  can  affect  the  oxide  scale 
formation  rates  and  oxide  scale  structures.  In  recent  years,  a 
new  strategy  has  been  proposed  to  control  the  cation  diffusivity 
at  the  alloy  grain  boundaries:  an  addition  of  Nb  and  Mo  into 
Fe-Cr  alloy  is  effective  to  control  the  cation  diffusivity  at  the 
alloy  grain  boundaries  by  forming  Laves-type  phases  (such  as 
Fe2Nb)  in  air  atmosphere  [11-13].  The  formed  oxide  scales  are 
thin  and  compact,  which  is  expected  to  be  suitable  for  SOFC 
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interconnect.  However,  when  considering  SOFC  application, 
there  is  no  information  available  for  the  oxide  scale  forma¬ 
tion  and  growth  in  H2-H2O  atmosphere.  Also,  no  information 
is  available  for  electrical  conductivity  and  oxygen  diffusivity 
of  oxidized  alloys.  The  purpose  of  this  study  is  to  clarify  the 
elemental  distribution  of  oxide  scales  formed  in  H2-H2O,  and 
to  clarify  the  electrical  properties  and  oxygen  diffusivity  in  the 
oxide  scales  for  the  Laves-phase  forming  alloys.  The  applica¬ 
tion  of  Laves-phase  forming  alloys  for  SOFC  interconnects  is 
discussed. 

2.  Experimental 

2.7.  Materials 

The  examined  samples  were  Fe-Cr  alloys  (ferritic  alloys) 
with  Cr  concentration  of  18-20  mass%.  To  clarify  the  effect  of 
alloy  grain  boundaries  on  the  oxide  scale  formation,  two  dif¬ 
ferent  kinds  of  Fe-Cr  alloys  have  been  compared:  Laves-phase 
forming  Fe-Cr  alloy  and  typical  stainless  steel  (SUS430).  The 
chemical  compositions  of  these  alloys  are  listed  in  Table  1. 
The  surface  of  the  alloys  was  polished  by  a  diamond  paste 
up  to  1/4  [Jim  in  diameter  to  obtain  a  flat  and  mirror  surface. 
The  oxidation  experiments  were  conducted  in  H2-H2O  atmo¬ 
sphere  at  1073  K.  The  hydrogen  and  water  vapor  pressures 
were  p( H2)  =1.8  kPa  and  /?(H20)  =  11  kPa  with  Ar  dilution  at 
a  flow  rate  of  50  ml  min-1  to  simulate  SOFC  fuel  gas.  The 
calculated  oxygen  partial  pressure  was  p( 02)  =  1.5  x  10_12Pa 
(~1.5  x  10“ 17  bar)  when  the  equilibrium  was  attained  by  the 
mixture  gases.  The  oxide  scale  was  formed  on  the  alloys  surface 
by  reacting  with  H2O  in  H2-H2O. 

2.2.  Analysis  of  oxide  scales 

The  surface  microstructures  and  depth  profiles  of  oxide  scales 
were  analyzed  by  several  kinds  of  analytical  methods.  The 
oxide  scale  phases  formed  were  determined  by  X-ray  diffrac¬ 
tion  (XRD,  Phillips,  PW-1800).  The  microstructures  of  surface 
and  at  the  oxide  scale/alloy  interfaces  were  analyzed  by  scan¬ 
ning  electron  microscope  (SEM,  Keyence  VE7800)  with  energy 
dispersive  X-ray  spectroscopy  (EDX,  Kevex).  The  depth  pro¬ 
files  of  major  and  minor  elements  around  the  oxide  scale/alloy 
interfaces  were  examined  by  glow  discharge  optical  emission 
spectroscopy  (GDOES,  Jobin  Yvon/  Horiba,  JY-5000RF).  The 
thickness  of  oxide  scales  were  estimated  from  SEM  images  of 
cross-section  or  the  depth  profiles  of  O-signals  of  GDOES.  The 
area- specific  resistance  (ASR)  after  forming  oxide  scales  was 
measured  by  4-probe  AC  impedance  methods  with  amplitude  of 
1  mA.  The  platinum  paste  was  applied  on  the  oxide  scale  sur¬ 


face  with  an  area  of  1  cm2.  The  impedance  spectra  show  only 
ohmic  resistance  corresponding  to  the  resistance  both  from  oxide 
scale  and  alloy.  The  oxygen  diffusivity  in  the  oxide  scale  was 
examined  by  using  stable  isotope  oxygen  (1802).  The  oxidized 
alloy  samples  were  annealed  in  1802  (about  95  vol%  of  18C>2, 
p(18 O2)  =  0.1  bar)  at  1073  K  for  300  s.  After  160/180  exchange, 
the  180  concentration  in  the  oxide  scale  was  measured  by  sec¬ 
ondary  ion  mass  spectrometry  (SIMS,  Cameca,  ims-5f)  from 
oxide  scale  surface.  The  primary  C  s+  beam  sputtered  the  sample 
surface  in  an  area  of  150  |mm  x  150  p,m.  The  negative  secondary 
ions  (160-,  180-,  and  some  metal-oxide  coupling  ions)  were 
detected  as  a  function  of  sputtering  times. 

3.  Results 

3.1.  Surface  micro  structures  of  oxidized  Fe-Cr  alloys 

The  surface  microstructures  of  oxide  scale  were  investigated 
by  scanning  electron  microscopy  (SEM).  Fig.  1  shows  SEM 
images  of  oxidized  alloy  surface  at  1073  K  for  72  h  (at  the  ini¬ 
tial  oxidation  stage).  Both  surfaces  are  composed  of  small  oxide 
grains  (each  grain  is  less  than  1  |mm  in  width  and  length).  In  the 
case  of  Laves-phase  forming  alloy  (Fig.  1(a)),  no  apparent  grain 
boundaries  of  alloy  are  observed  with  relatively  homogeneous 
oxide  scale  grains.  On  the  other  hand,  oxidized  SUS430  shows 
an  increase  of  height  at  the  grain  boundaries  of  alloy  (Fig.  1(b)). 
The  rides  formation  on  the  oxide  scale  surface  suggests  that  the 
preferential  oxidation  at  the  grain  boundaries:  this  also  suggests 
the  higher  diffusivity  of  elements  at  the  alloy  grain  boundaries 
than  at  bulk.  The  EDX  analysis  indicated  that  the  higher  con¬ 
centration  of  Mn,  Fe,  and  Cr  were  observed  at  the  alloy  grain 
boundary  parts.  Thus,  the  oxidation  of  these  elements  is  pro¬ 
moted  at  the  alloy  grain  boundaries  with  a  fast  diffusion  of 
elements,  which  affects  the  oxide  scale  growth  rates.  After  long¬ 
term  oxidation,  the  rides  are  not  clear  on  the  surface  due  to  the 
thick  oxide  scale  formation. 

The  oxide  scale  phases  formed  on  the  alloy  surface  were 
investigated  by  X-ray  diffraction  (XRD).  Fig.  2  shows  XRD 
patterns  of  oxidized  alloy  surfaces  after  oxidation  at  1073  K 
for  about  llOOh  in  H2-H2O.  The  identified  phases  were  alloy 
(denoted  as  A),  spinel- type  oxides  (denoted  as  S,  such  as 
MnCr204),  and  Cr2C>3  type  oxides  (denoted  as  C).  The  peak 
intensities  and  peak  position  of  these  oxides  are  somewhat 
different  between  the  examined  alloys.  This  can  be  due  to 
the  concentration  difference  of  spinel  and  Cr203  in  the  scale, 
and  the  difference  of  lattice  parameters  of  spinel  oxides  asso¬ 
ciated  from  the  composition  change  in  (Mn,Fe,Cr)304.  The 
precise  analysis  on  the  structural  change  will  be  examined  in  the 
future. 


Table  1 

Chemical  composition  of  examined  Fe-Cr  alloys 


C 

Al 

Si 

Cr 

Mn 

Fe 

Ni 

Nb 

Mo 

La 

Laves-phase  formed  alloy 

0.005 

0.03 

0.11 

20.1 

0.50 

76.81 

0.007 

0.36 

2.0 

0.08 

SUS430  alloy 

0.048 

- 

0.35 

18.31 

0.21 

81.10 

- 

- 

- 

- 
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Fig.  1.  Scanning  electron  microscope  images  of  oxidized  Fe-Cr  alloys  surface 
at  1073  K  for  72  h  in  H2-H2O:  (a)  Laves-phase  forming  alloy  and  (b)  SUS430. 


Fig.  2.  X-ray  diffraction  patterns  of  oxidized  alloys  surface  after  oxidation  at 
1073  K  for  1 100  h  in  H2-H2O:  (a)  Laves-phase  forming  alloy  and  (b)  SUS430. 


3.2.  Micro  structures  at  oxide  scale/alloy  interfaces 

Fig.  3  shows  SEM  images  of  oxide  scale/alloy  interfaces 
for  two  examined  alloys  after  long-term  oxidation:  Laves-phase 
forming  alloy  (Fig.  3(a))  and  SUS430  (Fig.  3(b)).  In  the  Laves- 
phase  forming  alloy,  the  grain  boundary  of  alloy  is  identified  as 
white  color  lines.  These  lines  are  considered  to  be  the  Laves- 
phases  (such  as  Fe2Nb)  precipitated  from  the  alloy  bulk.  The 
oxide  scale  is  identified  as  gray  zone  on  top  surface  with  a  thick¬ 
ness  about  2  |mm.  For  SUS430  (Fig.  3(b)),  there  is  no  apparent 
precipitates  at  the  alloy  grain  boundary.  The  oxide  scale  is  iden¬ 
tified  as  gray  zone  on  the  surface  with  a  thickness  of  about  4  gm. 
The  ridge  parts  are  not  clear  in  any  cross-section  because  whole 
the  alloys  surface  was  covered  with  a  thick  oxide  scales  after 
long-term  oxidation.  The  higher  magnification  image  of  oxide 
scale/alloy  interface  of  Laves-phase  forming  alloy  is  presented 
in  Fig.  3(c).  The  micro  structure  of  oxide  scale/alloy  is  compact 
without  voids  and  cracks,  suggesting  a  continuous  growth  of 
oxide  scale  from  the  alloy  surface.  The  oxide  scale  is  composed 
of  plate-like  or  needle-like  grains  as  observed  in  Fig.  1.  The 
white  grains  observed  at  the  oxide  scale/alloy  interfaces  are  the 
internal  precipitates,  such  as  Mo  and  Nb  particles.  Many  gray 


spots  are  observed  around  the  scale/alloy  interfaces:  these  spots 
are  considered  to  be  AI2O3  internal  oxides.  The  scale  thick¬ 
ness  is  almost  constant,  and  no  difference  of  the  Laves-phases 
was  observed  between  beneath  the  oxide  scales  and  the  grain 
boundary  part  inside  the  alloy. 

3.3.  Elemental  distributions  at  oxide  scale/alloy  interfaces 

The  elemental  distributions  were  examined  at  the  cross- 
sectional  oxide  scale/alloy  interfaces  for  the  Laves-phase 
forming  alloy.  Fig.  4  shows  elemental  distribution  maps  around 
oxide  scale/alloy  interfaces  by  EDX.  The  oxide  scale  is  identi¬ 
fied  as  high  concentrations  of  Cr  and  Mn  at  the  oxide  scale  part. 
Inside  the  alloy,  relatively  high  concentrations  of  Mo  and  Nb  are 
identified  as  lines.  These  are  corresponding  to  the  Laves-phases 
that  are  precipitated  at  the  alloy  grain  boundary  during  heat¬ 
ing.  In  some  cases,  the  higher  concentration  of  Mo  and  Nb  are 
observed  at  the  oxide  scale/alloy  interface  as  shown  in  Fig.  3(c). 
The  formation  of  Laves-phase  at  the  alloy  grain  boundary  is  rel¬ 
atively  fast,  and  the  diffusion  of  elements  into  oxide  scale  from 
alloy  is  controlled  by  the  Laves-phase.  The  elemental  distribu¬ 
tions  of  depth  direction  are  also  examined  by  glow  discharge 
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Fig.  3.  Cross-sectional  SEM  image  at  oxide  scale/alloy  interfaces  after  oxidation 
at  1073  K  for  llOOh  in  H2-H2O:  (a)  Laves-phase  forming  alloy,  (b)  SUS430, 
and  (c)  high  magnification  image  of  the  Laves-phase  forming  alloy. 


Laves-phase  forming  alloy  (Fig.  5(a)),  while  Si  peak  is  identified 
in  the  SUS430  (Fig.  5(b)).  The  GDOES  peaks  of  Nb,  Al,  and  Si 
are  observed  in  the  Laves-phase  forming  alloy  (Fig.  5(b)):  these 
peaks  of  elements  are  considered  to  be  the  internal  oxides  or  pre¬ 
cipitated  grains  at  the  oxide  scale/alloy  interfaces.  Especially, 
Nb  appears  to  be  enriched  at  the  oxide  scale/alloy  interfaces, 
which  is  corresponded  to  the  white  grain  precipitates  observed 
in  Fig.  3(c).  The  signal  intensity  of  Nb  seems  to  be  same  level 
between  inside  the  oxide  scale  and  alloy:  this  can  be  due  to  low 
concentration  of  Nb  in  the  alloy,  although  it  concentrated  at  the 
grain  boundary. 

3.4.  Kinetics  of  oxide  scale  growth 

From  GDOES  depth  profiles  and  SEM  images,  the  oxide 
scale  thickness  was  estimated  at  several  annealing  times.  The 
oxide  growth  was  compared  between  two  different  Fe-Cr  alloys. 
Fig.  6  shows  oxide  scale  thickness  (x)  as  a  function  of  annealing 
time  ( t ).  The  square  of  oxide  scale  thickness  is  proportional  to 
the  annealing  time  in  the  following  equation: 

X2  =  kpt  (1) 

where  v  is  the  thickness  of  oxide  scale,  kv  is  the  parabolic  growth 
rate  constant,  and  t  is  the  annealing  time.  The  parabolic  growth 
relationship  suggests  that  the  oxide  scale  growth  is  the  diffusion 
controlled  mechanism.  From  the  slopes  of  the  plots,  the  kv  values 
were  calculated  for  the  examined  alloys:  the  obtained  values  are 
4.5  x  1CT14  cm2  s-1  and  9.8  x  10-15  cm2  s-1  for  SUS430  and 
Laves-phase  forming  alloy,  respectively.  Therefore,  a  significant 
reduction  of  oxide  scale  growth  rates  is  observed  in  the  Laves- 
phase  forming  alloy. 


optical  emission  spectroscopy  (GDOES).  Fig.  5  shows  GDOES 
depth  profiles  of  oxidized  alloys  in  an  area  of  2  mm  in  diameter. 
In  this  analysis,  the  depth  profiles  indicate  the  average  intensities 
of  each  element  around  oxide  scale/alloy  interfaces.  The  y-axis 
indicates  the  optical  intensity  for  each  element,  which  is  propor¬ 
tional  to  the  concentration  and  sputtering  rates  (it  is  not  the  real 
concentration  of  each  element).  We  assume  the  optical  inten¬ 
sity  for  estimating  the  concentration  of  elements  at  a  constant 
sputtering  rate.  For  measurement  of  Mo,  no  data  were  recorded 
because  no  appropriate  detector  was  equipped  in  this  machine. 
The  oxide  scale  is  identified  in  the  flat  part  of  O- signal  in  the 
depth  profiles.  The  oxide  scale  thickness  is  estimated  from  these 
profiles:  the  oxide  scale  thickness  of  Laves-phase  forming  alloy 
is  only  2000  nm,  while  that  of  SUS430  is  about  3500  nm.  Thus, 
the  thinner  oxide  scale  thickness  is  accomplished  in  the  Laves- 
phase  forming  alloys  at  the  same  annealing  time.  At  the  oxide 
scale  surface,  high  signal  counts  of  Cr  and  Mn  are  observed  that 
corresponds  to  Cr-Mn  spinel  and  Cr2C>3.  The  Cr203-rich  part 
is  distributed  close  to  the  oxide  scale/alloy  interface.  It  should 
be  noted  that  the  concentration  of  Fe  is  low  in  the  oxide  scale 
surface  for  the  Laves-phase  forming  alloy,  while  relatively  high 
concentration  at  the  oxide  scale  surface  of  SUS430.  Around 
the  oxide  scale/alloy  interface,  the  peak  intensities  of  Si  or  Al 
are  identified  from  the  depth  profiles:  Al  peak  is  distinct  in  the 


3.5.  Electrical  conduction  of  oxidized  alloys 

The  electrical  conduction  of  oxidized  alloys  was  examined  in 
air  by  using  AC  impedance  electrochemical  method.  Since  the 
precise  thickness  of  oxide  scale  was  not  measured  for  the  mea¬ 
sured  samples,  the  area-specific  resistance  (ASR)  was  adopted 
as  a  conductivity  of  oxide  scales: 

1  A  /£a\ 

ASR  _  7  6XP  \JcT  )  (2) 

where  ASR  (£2  cm2)  is  the  area-specific  resistance,  A  is  the  con¬ 
stant,  T  (K)  is  the  temperature,  La  (eV)  is  the  activation  energy 
for  electronic  conduction,  and  k  is  the  Boltzman  constant.  Fig.  7 
shows  the  temperature  dependence  of  electrical  conductivity  for 
the  oxidized  alloys  (oxidation  at  1073  K  for  600  h  in  H2-H2O). 
The  1/ASR  values  of  both  samples  increases  with  an  increase  of 
temperature,  suggesting  the  semi-conductor  temperature  depen¬ 
dence.  Thus,  the  main  contribution  of  electrical  conductivity  for 
this  temperature  dependence  can  come  from  the  oxide  scales  on 
Fe-Cr  alloys.  The  1/ASR  value  of  Laves-phase  forming  alloy 
shows  the  higher  values  than  that  of  SUS430  at  the  same  tem¬ 
perature.  The  area-specific  resistances  (ASR)  are  apparently 
different  between  two  alloys:  69m£2cm2  for  the  Laves-phase 
forming  alloy,  while  195  mQ  cm2  for  SUS430  at  973  K  (the 
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Fig.  4.  Elemental  distribution  maps  at  oxide  scale/alloy  interfaces  after  oxidation  at  1073  K  for  1 100  h  in  H2-H2O  for  Laves-phase  forming  alloy. 


estimated  thicknesses  of  oxide  scale  are  1.1  fxm  for  the  Laves- 
phase  forming  alloy  and  3.2  jxm  for  SUS430).  The  observed 
area- specific  resistance  of  the  Laves-phase  forming  alloy  shows 
the  lower  values  compared  with  the  SUS430  and  other  Fe-Cr 
alloy.  The  activation  energy  of  the  Laves-phase  forming  alloy 
(0.37  eV)  was  lower  than  that  of  SUS430  (0.56  eV).  The  con¬ 
duction  mechanism  and  main  contribution  of  oxide  phase  can  be 
different  between  the  Laves-phase  forming  alloy  and  SUS430 
[14,15].  The  oxidized  Laves-phase  forming  alloy  shows  the  bet¬ 
ter  electrical  conduction  properties. 

3.6.  Oxygen  diffusion  in  the  oxide  scales 

In  order  to  analyze  the  oxygen  diffusivity  in  the  oxide  scale, 
isotope  oxygen  exchange  (160/180  exchange)  was  conducted  at 
1073  K  for  300  s  for  the  oxidized  samples.  In  this  experimen¬ 


tal  condition,  oxygen  chemical  potential  was  different  between 
the  gas/oxide  scale  interface  and  the  oxide  scale/alloy  inter¬ 
faces.  Thus,  the  chemical  diffusion  of  isotope  oxygen  (18C>2) 
was  evaluated  from  the  diffusion  profiles.  Fig.  8  shows  isotope 
oxygen  diffusion  profiles  around  the  oxide  scale/alloy  interfaces. 
The  isotope  oxygen  concentration  (CisQ(x))  at  a  depth  of  v  was 
defined  as  the  following  equation: 


6^180  (^)  — 


AspC*) 

he  0W  +  As0W 


(3) 


where  x,  I\sQ(x),  and  Ii6q(x)  indicate  the  depth  from  surface, 
signal  counts  of  160-,  and  signal  counts  of  180“,  respectively. 
The  oxide  scale  thickness  was  estimated  to  be  about  2  pirn  and 
3.8  p,m  for  Laves-phase  forming  alloy  and  SUS430,  respectively 
(after  about  1 1 00  h  oxidation  in  H2-H2O  atmosphere).  The  180 
diffusion  lengths  are  about  1.0  jxm  and  1.7  pirn  for  the  Laves- 
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Fig.  5.  Glow  discharge  optical  emission  spectroscopy  (GDOES)  depth  profiles 
from  oxide  scale  surface:  (a)  Laves-phase  forming  alloy  and  (b)  SUS430. 


phase  forming  alloy  and  SUS430,  respectively.  Thus,  the  18 O 
diffusion  is  interrupted  at  about  half  part  of  oxide  scales  for  both 
oxide  scales.  The  solid  lines  are  fitting  lines  from  the  appropriate 
equation  (the  solution  for  the  Fick’s  second  low)  by  Crank  [16] 


Growth  rates  of  oxide  scales  at  1073  K 


Conductivity  of  oxidized  alloys 


Fig.  7.  Electrical  conductivity  (1/ASR  values)  of  oxidized  alloys  as  a  function 
of  inverse  temperature. 


assuming  the  surface  reaction: 


CisQ(x)  —  (Cg  Cbg) 


—  exp  (hx  +  h2  D*t) 


x  erfc  (  — % —  +  hy/D*t\ 

\2VD*t  ) 


+  Cbg 


(4) 


where  Cg  is  the  concentration  of  180  in  the  gas  phase,  which 
is  assumed  to  be  constant  during  160/180  exchange  (Cg  =  0.95 
for  calculation),  Cbg  is  the  natural  abundant  level  of  180 
(Cbg  =  0.002),  t  is  the  annealing  time  for  160/180  exchange 
(300  s),  D*  is  the  chemical  diffusion  coefficient  for  isotope  oxy¬ 
gen  in  the  oxide  scale.  The  parameter  of  h  indicates  the  ratio  of 
k  and  £>*  ( h  =  k/D *,  k  is  the  surface  reaction  rate  constant).  The 
fitting  lines  to  the  observed  data  were  not  match  with  in  the  lower 
concentration  range  (Ci80  ~  0.001-0.01).  This  is  considered  to 
be  the  contribution  of  grain  boundary  of  oxide  scale.  The  D* 
value  was  calculated  from  the  fitting  of  the  above  equation  to  the 
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Fig.  8.  Chemical  diffusion  profiles  of  18 O  in  the  oxide  scales:  (O)  diffusion 
profile  of  oxidized  Laves-forming  alloy  and  (V)  diffusion  profile  of  oxidized 
SUS430. 
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measured  data:  D*  =  7.0  x  10“ 13  cm2  s-1  for  Laves-phase  form¬ 
ing  alloy  and  D*  =4.6  x  10-12  cm2  s-1  for  SUS430.  A  decrease 
of  D*  value  was  observed  in  the  Laves-phase  forming  alloy. 
These  values  are  about  two  orders  of  magnitude  higher  than 
those  of  oxide  scale  growth  rates.  Such  high  oxygen  diffusiv- 
ity  suggests  that  oxygen  inward  diffusion  at  the  top  surface 
of  oxide  scale  (it  can  be  due  to  the  Cr-Mn  spinel  phase  or 
microstructures),  and  oxygen  diffusivity  inside  the  oxide  scale 
can  be  different  with  position  in  the  oxide  scale. 

4.  Discussion 

4.1.  Oxide  scale  formation  mechanism  on  Laves-phase 
forming  alloy 

At  the  initial  stage  of  oxidation,  ridges  were  formed  at  the 
alloy  grain  boundary  of  SUS430  whilst  no  apparent  increase 
of  height  at  the  alloy  grain  boundary  of  Laves-phase  form¬ 
ing  alloys  (Fig.  1).  This  suggests  that  elemental  diffusion  was 
decreased  at  the  grain  boundary  of  Laves-phase  forming  alloy 
(such  as  Mn  and  Fe  diffusion).  The  oxide  scale  growth  rate  of 
the  Laves-phase  forming  alloy  was  smaller  than  that  of  SUS430. 
The  decrease  of  oxide  scale  growth  rate  has  been  discussed 
in  many  papers  by  considering  small  amounts  of  reactive  ele¬ 
ments  (Zr,  La,  etc.)  addition  [1,2].  The  examined  SUS430  does 
not  contain  these  reactive  elements  and  this  can  increase  the 
oxide  scale  growth  rates.  The  oxide  scale  thickness  in  the  Laves- 
phase  forming  alloy  was  less  than  2  p,m  at  1073  K  for  more  than 
1000  h:  this  thickness  is  even  thinner  than  the  La-containing 
Fe-Cr  alloy  in  the  same  experimental  condition  (observed  scale 
thickness  were  about  3-4  p,m).  Therefore,  the  Laves-phase  for¬ 
mation  at  the  alloy  grain  boundary  is  considered  to  be  one 
of  the  effective  functions  for  lowering  the  oxide  scale  growth 
rates. 

Both  alloys  showed  the  parabolic  growth  relationship,  which 
suggests  the  diffusion-controlled  mechanism  for  oxide  scale 
growth  (Fig.  6).  The  cation  and  oxygen  diffusion  through  the 
oxide  scale  should  be  taken  into  account  for  the  oxide  scale 
growth  mechanism.  For  cation  diffusion  through  the  scale  (out¬ 
ward  diffusion  of  cation),  the  diffusivity  of  cation  is  different 
from  cation  species  and  oxide  scale  phases.  Fig.  9  shows 
schematic  diagram  of  oxide  scale  growth  and  diffusion  of  ele¬ 
ments  in  the  oxide  scales.  The  diffusivity  of  cations  can  be 
different  in  the  main  oxide  scale  phase  formed  on  the  surface: 
relatively  high  concentration  of  Fe  was  observed  in  the  oxide 
scale  of  SUS430  while  low  concentration  of  Fe  in  the  oxide 
scale  of  the  Laves-phase  forming  alloys  (Fig.  5).  In  the  case 
of  SUS430,  the  Cr-diffusion  or  Fe-diffusion  in  the  spinel  oxide 
((Fe,Cr,Mn)304)  can  affect  the  scale  growth  rates  due  to  the 
incomplete  Cr2C>3  layer  by  alloy  grain  boundary.  On  the  other 
hand,  Fe  or  Cr  diffusion  both  in  Cr-Mn  spinel  and  0^03^ -based 
oxides  can  control  the  formation  of  continuous  and  compact 
oxide  scales  on  the  Laves-phase  forming  alloy.  The  diffusivi- 
ties  of  Fe  in  the  Cr-Mn  spinel  ((Fe,  Cr,Mn)304)  are  estimated 
to  be  far  larger  (£>pe  ~  10“ 13  cm2  s-1)  than  that  of  Fe  in  &2O3 
(DFe  ~  10-20  cm2  s-1)  at  p(02)=  1(T17  bar,  1073  K  [14].  The 


Fig.  9.  Schematic  diagram  of  oxide  scale  growth  for  two  different  Fe-Cr  alloys: 
(a)  SUS430  and  (b)  Laves-forming  alloy. 

temperature  dependence  of  the  1/ASR  value  for  the  oxidized 
alloy  also  suggests  the  contribution  of  main  oxide  phase  in  the 
oxide  scale:  the  lower  activation  energy  of  electrical  conductiv¬ 
ity  at  the  Laves-phase  forming  alloy  indicates  the  Cr203 -based 
continuous  scale  affects  the  electrical  conduction. 

Extremely  high  oxygen  diffusivity  was  observed  for  both  oxi¬ 
dized  alloys  compared  with  the  oxide  scale  growth  rates  (about 
two  orders  of  magnitude  difference).  Thus,  inward  diffusion  of 
oxygen  should  be  taken  into  account  for  oxide  scale  growth. 
The  diffusion  length  of  oxygen  is  about  1.0  jxm  in  the  Laves- 
forming  alloy  in  Fig.  8.  This  is  about  half  length  of  oxide  scale 
thickness  of  the  Laves-forming  alloy  (thickness  about  2.0  p,m). 
Therefore,  two  oxide  phases  formation  is  considered  inside  the 
oxide  scale;  fast  oxygen  diffusion  phase  around  the  surface  and 
low  oxygen  diffusion  phase  close  to  the  scale/alloy  interfaces. 
The  surface  fast  diffusion  phase  is  considered  to  be  Cr-Mn 
spinel.  The  compositional  change  in  the  spinel  oxide  can  affect 
the  oxygen  diffusivity  (such  as  Fe  concentration).  We  have  also 
measured  the  oxygen  diffusivity  in  the  oxide  scale  for  the  other 
Fe-Cr  alloys  [10,17].  The  observed  chemical  diffusion  coeffi¬ 
cients  of  180  in  the  oxide  scale  were  in  the  order  of  magnitude 
10“ 12  cm2  s-1 ,  which  is  similar  order  of  magnitude  in  this  study. 
Thus,  it  seems  that  there  is  a  fast  180  diffusion  layer  in  the  oxide 
scale  surface  even  in  the  other  oxide  scales  on  Fe-Cr  alloys.  In 
the  previous  reports  [18],  the  hydroxide  species  can  also  diffuse 
into  the  oxide  scales.  Thus,  the  effect  of  hydroxide  should  be 
considered  for  the  oxygen  diffusion  in  the  oxide  scale.  In  any 
case,  the  inward  diffusion  of  oxygen  and  the  outward  diffusion 
of  cation  through  the  oxide  scale  should  be  taken  into  account  for 
oxide  scale  growth.  The  more  precise  analysis  will  be  reported 
in  the  near  future. 


T.  Horita  et  al.  /  Journal  of  Power  Sources  176  (2008)  54-61 


61 


4.2.  Electrical  conduction  of  oxidized  alloys 

As  introduced  above,  the  activation  energy  of  electrical  con¬ 
duction  (1/ASR  value)  for  the  oxidized  sample  was  lower  in  the 
Laves-phase  forming  alloy  than  that  in  SUS430  (Fig.  7).  This 
indicates  the  difference  of  the  electrical  conduction  mechanism. 
From  the  previous  reports  [15],  the  activation  energy  for  electri¬ 
cal  conductivity  of  Cr2C>3  on  Cr-metal  is  around  0.44  eV,  which 
is  similar  value  with  that  of  oxide  scales  on  the  Laves-phase 
forming  alloy.  The  activation  energy  for  electrical  conduction 
of  Cr-Mn  spinel  on  Fe-Cr  alloy  was  reported  to  be  0.89  eV, 
which  is  higher  than  that  of  Cr2C>3  [17].  Therefore,  the  temper¬ 
ature  dependence  of  electrical  conduction  can  come  from  the 
&2O3 -based  oxide  in  the  oxide  scale  in  the  case  of  Laves-phase 
forming  alloy.  An  increase  of  the  1/ASR  value  and  decrease  of 
the  activation  energy  in  the  Laves-forming  alloy  is  attributed  to 
the  thinner  oxide  scale  thickness  and  continuous  &2O3 -based 
oxide  scale  formation  around  the  oxide  scale/alloy  interfaces. 

4.3.  Application  of  Laves-phase  forming  alloys  to  SOFC 
interconnects 

The  present  results  suggest  that  the  Laves-phase  forming 
alloy  is  suitable  for  SOFC  interconnects  in  terms  of  oxidation 
resistance  and  electrical  conduction  in  H2-H2O.  The  thickness 
of  oxide  scale  was  less  than  half  of  SUS430  with  compact  and 
clean  oxide  scale/alloy  interfaces.  One  point  that  should  be  clari¬ 
fied  is  the  mechanical  strength  of  oxidized  alloys.  The  formation 
of  Laves-phase  at  the  alloy  grain  boundary  is  effective  for  oxida¬ 
tion.  However,  a  deteriorate  effect  is  assumed  in  the  mechanical 
strength  due  to  the  Laves-phase  formation.  In  the  near  future,  we 
will  examine  this  issue  to  clarify  the  applicability  of  this  alloy. 
A  similar  alloy  has  already  been  tested  in  the  real  SOFC  stacks 
as  interconnects  by  Versa  Power  Systems  [19].  So  far,  a  positive 
result  was  reported  in  terms  of  long-term  stability,  and  this  alloy 
is  one  promising  metallic  interconnects  for  SOFCs. 

5.  Conclusion 

The  oxide  scale  formation  mechanism  was  investigated  in  the 
Laves-phase  forming  alloy  in  H2-H2O  at  1073  K  for  the  SOFC 
interconnects.  The  oxide  scale  growth  rates  were  reduced  in  the 
Laves-phase  forming  alloy  compared  with  the  typical  stainless 
steel,  SUS430.  One  of  the  effective  functions  for  the  reduction  of 
oxide  scale  growth  is  the  precipitation  of  the  Laves-phases  at  the 
alloy  grain  boundary.  The  area-specific  resistance  (ASR)  of  oxi¬ 
dized  Laves-phase  forming  alloy  showed  the  lower  values  than 
that  of  SUS430.  The  temperature  dependence  of  1/ASR  value  for 
oxidized  alloy  was  different  between  Laves-phase  forming  alloy 
and  SUS430;  Laves-phase  forming  alloy  shows  similar  activa¬ 
tion  energy  with  Cr203 .  The  oxygen  diffusivity  in  the  oxide  scale 
was  evaluated  by  the  stable  isotope  oxygen  (18C>2)  diffusion  in 


the  scale.  The  chemical  diffusion  coefficients  of  isotope  oxy¬ 
gen  in  the  oxide  scale  were  as  follows:  D  =  7.0  x  10  13  cm2  s  1 
for  Laves-phase  forming  alloy  and  D  =  4.6  x  10  12  cm2  s  1  for 
the  SUS430.  A  relatively  high  diffusivity  of  oxygen  was  esti¬ 
mated  in  the  Mn-Cr  spinel  oxide  on  the  top  surface  of  oxide 
scales.  Inward  diffusion  of  oxygen  and  outward  diffusion  of 
cation  in  the  oxide  scale  were  discussed  to  consider  the  oxide 
scale  growth  mechanism.  When  considering  the  application  for 
SOFC  interconnects,  the  Laves-phase  forming  alloy  possesses 
a  high  potential  in  terms  of  oxidation  resistance  and  electrical 
conductivity. 
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